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Summary

This paper reviews the present knowledge on the ionizing effiency
of meteors, Tq. There 1s a considerable measure of disagreement among
authors both concerning its order of magnitude and concerning its de -
pendence on the velocity. Since the luminous efficiency, Tp, is known
with a falr degree of accuracy, we have evaluated the ionizing efficiency
from Tp and from Millman and McKinley's data relating durations of radio
echoes and visual magnitudes. We find the lonizing efficiency propor-
tional to v2 and the probability, B, that an atom ablated from a meteorocid

will produce a free electron proportional to vh. From the results of the
simultaneous photographic and radio observations of wmeteors by Davlis and

Hall end from the value of v, we find B = 0.0l at v = 32 kms-l. According-

D
ly, we obtain B = 1 X 10720 vl‘ and Tq = 6 x 10 13,2

ms-l. The comparison of the rates of photographic and radlo meteors of

, with v expressed in
about the same magnitude confirms the proportionality B ~:vh. As a con-

sequence, the relation between the magnitude and the electron line
density of the trail 1s independent of the velocity.
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On the Ionizing Efficiency of Meteors

Franco Vernianil and Gerald S. H'awkins2

Introduction

The luminous and ionizing efficienciles of meteors are quantities
of paramount importance for meteor physics, because each of them is
Decessary, depending on the technique employed for the observations,
to evaluate masses and densities of meteoroids. Nevertheless these
Quantities are far from being known with the needed accuracy because
of the seriocus difficulties of both a comprehensive theoretical study

and an experimental or observational approach.

The meteor ionizing efficiency Tq is defined as the ratioc between
the power Iq going into the production of electrons and the rate of
loss of the kinetic energy of the atoms ablated from the meteor body.

1 2 dm
= _ T punisiad
g =27V &

(1)
v and m being velocity and mass of the meteor. The luminous efficiency
is defined by an equation analogous to eq. (1). Tt is convenient to
consider two different luminous efficiencies Tv and Tp, relating to the
visual luminous intensity Iv and the photographic luminous intensity
Ip, which 1s defined by the sensitivity of the blue emulsion generally

used 1in Harvard photographic studies.

lSmithsonian Astrophysical Cbservatory; on leave from Centro Naz'onale
Per la Fisica dell'Atmosfera del C.N.R., Roma, Ttalis.

2Boston University, Smithsonian Astrophysical Observatory, Harvard
College Observatory.
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The present knowledge on the luminous efficlency has been dlscussed
elsewhere by Verniani (1964), who computed the quantity Tp/pi (pm = meteoric
density) for about 400 Super-Schmidt meteors that were precisely reduced
by Jacchia (unpublished). He found that the variation of Tp with the
velocity both for bright and faint meteors was represented by the linear
law Tp = Top v. Tne value of Top turned out to be 5.2 X 1078 m'ls, which
agrees very well with the value inferred by McCrosky and Soberman (1962)
from observations of an artificial meteoroid. The uncertainty in the
value of Top was estimated to be of the order of 2, while the probable
error of the velocity exponent was + 0.15. Since the ionizing efficlency
ﬁq is known with less certainty, it seems reasonable to try to deduce the

value of Tq from the known values of Tp and. Tv'

Instead of Tq we often use the ionizing probability of a meteor
atom B, which is a dimensionless quantity,as 1s Tq. It is easily seen

that the relation

=258 (2)
Ky

nholds when ¥ is the mass of a meteor atom and %, the corresponding ion-
ization energy. Estimates of the average value of B have been made
by Herlofson (1948), McKinley (1951), Greenhow and Hawkins (1952),
Kaiser (1953), Evans and Hall (1955) and Davis and Hall (1963). The
results range from 10-2 to 1 except for McKinley's, which are much
smaller because the difference between underdense and overdense trails

was not known at that time and this led to an underestimate of the

electronic line density of the trail and comsequently of B.

Theoretical determinations of the ionlzing probability B have been
done by Opik (1958) and by Lazarus and Hawkins (1963). Their results
differ by two orders of magnitude. As Opik's computation is based on
many questionable assumptions, it is impossible to estimate the reli-
ability of nis results. He gives the ionizing probability BFe for iron
meteors; his results are listed in Table 1. 1In the same table we give the

average values of B for cometary meteors obtained from BFe by following the
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assumptions of Lazarus and Hawkines. The ionization probabilities of
different elements are taken to be proportional to n bod 6, where n_
is the number of valence electrons available for 1onization,and it is
assumed that meteors have the same abundance of elements as stone
meteorites. Then the average value of B is equal to 0.345 ﬁ . Lazarus
and Hawkins (1963) have computed the ionization cross section for the
sodium atom colliding with an oxygen atom. With the above assumptions
they determined the value of B for meteors. If we assume a power-law

dependence on v for B, then we can write

_ T
B=Byv . (3)

The results of Lazarus and Hawkins can be approximately represented by

B=1.3 x 1079 3 | (k)
with v expressed in ms'l*. This value of B is uncertain because of
lack of knowledge of the chemical composition of the meteoroid. The
dependence of B on the velocity 1s not at all well known. The estimates
of the exponent 7| of the law B ~vn range from zero to 6.

The ratio TV/B can be evaluated from observations of the duration
of radar echoes from overdense trails and of the visual magnitude of
the corresponding meteors. The first to use such a method were Greenhow
and Hawkins (1952), but the lack of observational data compelled them to
consider both T and B as independent of velocity. The method was later
resumed by Hawkins (1956), wno found TV'/B ~ L‘ 56 i.e., B~ v5'6. The
same method was also used by Evans and Hall (1955) with data similar to
those of Hawkins. Their estimate** was 'l'v/‘r ~v l, i.e., B ~'vu, but
they preferred to conclude T = 0.5 + 0.5 on the basis of the gradient of

the height-versus-velocity curve. This last result seemed to confirm a

*
We shall use mks units throughout the paper.

*¥As Hawkins (1956) pointed out, their data lead actually to /T ~v3

le., B N,VS.
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previous estimate of Kaiser (1953), who found T =0 % 0.6 from Jodrell
Bank's radio data. Evans and Hall, however, did not consider the varia-
tion of the zenith angle of the path and of the electronic density with
the meteor height, so their results appear unreliable. Davis, Greenhow
and Hall (1959a) studied the effects of attachment on the duration of
radio echoes and applied their conclusions to Millman's and McKinley's
(1956) data correlating visual magnitude and duration of echoes. They

O=1 +
concluded that TV/Tq ~v T, l.e., B ~»v3 l. Thelr procedure of correcting

the observational data for attachment has been criticized by McKinley
(1961), who re~exsmined his own data and concluded that 7 /7 ~»v2, i.e.,
g ~'v5. whipple (1955) reached an independent estimate o% tge value of
N by comparing the rates of photographic and radio meteors. He found

B ~:v5. '

Table 2 summarizes all the previous estimates of B. Even if we
disregard the results of Kaiser and of Evans and Hall, the estimates of
the exponent T range from 3.4t to 5.6. Thus if we take a fixed value of
Bat v =10 kms-l, the uncertainty at 7O kms-l is two orders of magnitude.
Such large disagreement led us to reconsider the evaluation of TV/B on the

basis of the most recent data.

The determination of TJZE from the correlstion between visual magnitude
and the duration of the meteoric radio echoes

We will divide our investigation into two parts. First we will deter-
mine M in eq. (3), then we will determine BO. This procedure 1s necessary
because of the nature of the observational data. To determine T we re-
qulre homogeneous observations at different velocities, but to determine

BO we can use the average of more accurate measurements.

The absolute visual magnitude MV of a meteor radiating Iv watts in
the spectral region 4500 to 5700 A has been expressed by Opik (1958) in

the form:

M, = 6.8 - 2.5 log I . (5)
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The uncertainty in the constant 6.8 of eq. (5) could be avoided by
using zero magnitude units for Iv. However, this uncertainty does
not at all affect the final results for B.* The visual luminous in-
tensity Iv is glven by an equation analogous to eqe (1):

o4, 2
TRV & (6)

The electronic line density q along the meteor trail is given by:

q = - v oat (7)

thus, by eliminating %%-between eqs. (6) and (7) and by using eq. (s),
ve get

Mv:6.8-2.5 log (%%@q) . (8)

The average atomic weight of a meteor atom, according to Opik (1958),
is 23; therefore u = 3.82 x 10-26kg. If we introduce this value of
into eq. (8), the equation becomes

.
M_=7T1.10 - 2.5 log -E‘i - 7.5 log v - 2.5 log q . (9)

The duration TD of a radio echo from a meteor trail with qQ > lolu

electrons/m, considering the effect of diffusion alone, 1is given by the
expression (Kaiser and Closs 1952, Greenhow 1952)

uoez X2
Fq » (10)

T, =
16113mo

D

e and m, being the electric charge and the rest mass of the electron;
uo, the magnetic permeability of the empty space; A, the wavelength
of the radar; and D, the ambipolar diffusion coefficient at the height
of the reflecting section of the trail. Since we will use the observational
data of Millman and McKinley (1956), obtained at a frequency of 32.7 Mcs"1

’

*
To convert the mks values of Tv and Tp to units of zero magnitude

(0 Mag ks ™0"263) one must aivide by 525.
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we have

log TD = -14.222 +1log q - log D . (11)

The most reliable values of the diffusion coefficient D as a
function of the height z are given by the experimental results of
Greenhow and Hall (1961), which can be expressed approximately by
the relation

log D = 5.43 x 107 2z - 4373 . (12)

By substituting egs. (11) and (12) into eq. (9) we obtain

M, = 46.475 - 2.5 log TV/B - 7.5 log v - 2.5 log Ty - 1.36 X 10'h z.(13)

Millman and McKinley (1956) give observations of Perseids, Geminids,
8-Aquarids and sporadic meteors. These data are summarized in Table 3.
We will not consider the 8-Aquarids,since,as the authors pointed out, the
data are insufficilent.

By inserting the observed data into eq. (12) we obtain the following
values of log TV/B :

Perseids: log TV/B = -2.018
Geminids: log Tv/s = -1.259 . (14)
Sporadic: log TV/B = -1.559

These values of log TV/B must be reduced to the same magnitude, since the
coefficient TOV of the law Tv = TOV v varies with visual magnitude (Verniani

1964 ), according to the relation

log T , = -8.02 + 0.156 M, (15)

where -2 < Mv < + 1.5. By reducing the computed values of log TV/B to

zero visual magnitude we obtain:



Perseids: log TV/B = -2.080
Geminids: 1log Tv/s = -1.381 . (16)
Sporadic: 1log TV/B = -1.750

Let us now consider the effects of attachment. The relation between
the echo duration T in the presence of both diffusion and attachment
and the echo duration TD in the presence of diffusion alone is (Davis,
Greenhow and Hall 1959b)

T, =T exp (I:‘se n T), (17)
where Be is the coefficient of electron attachment and n is the
density of neutral molecules capable of forming negative ions. There
is some dispute about the value of Be nm. Davis, Greenhow and Hall
(1959b) found that the value Be o =0.025 sl at z = 95 km best fitted
thelr observations of a bright Geminid. The uncertainty in this value
was of the order of a factor of 2. The same authors (1959&) later
concluded from the analysis of the data of Millman and McKinley (1956)
that a reduction of the previous value by a factor of 2/3 could improve
the agreement between theory end observations. This conclusion has
been criticized by McKinley (1961), who found on the basis of the same
data Be nm = 0.0065 s-l as the best fit and excluded the possibility
Be n > 0.01 s-l. Otherwise the theoretical maximum duration of the
radio echoes could not be more than 5 minutes, whereas durations of 30
minutes or even longer have been recorded. As a compromise we will

assume Be n =0.01 sL. Equation (17) therefore becomes

log T, = log T + 0.00L3 T . (18)
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By correcting the observed durations by means of eq. (18), we

obtain our final values:

Perseids: 1log v = L4.782; log TV/B = -2.155
Geminids: log v = L.548; log TV/B = -1.450 « (19)
Sporadic: log v = 4.653; log TV/B = -1.792

These results are plotted in Figure 1. A least-squares solution glves*

(log TV/B)M =0 = (12.2 + 0.1) - (3.0 £ 0.1) log v, (20)
v

which leads to 12 -3
TV/B =1.5 X 1007 v . (21)

It is interesting to note that the correction for attachment does not
appreciably affect the value of the exponent, while the value of TV/B
bhas been decreased by a few percent. According to eq. (15) the visual
luminous efficiency at MV = (0 is given by

T, =95 X 107 v ; (22)

thus we obtain for B:
B=6.3x102% ", (23)
Observational data correlating visual magnitude and radio echo
durations of Perseids have also been published by Lindblad (1963).

From this author we quote:

ﬁv = 41.0; Tog T =0.532; T =10.96 s; log T = 0.580 . (24)

*
A least-squares solution with weights proportional to the number
of meteors of each group glves the constants as 12.0 £ 0.1 and -2.9 = O.1.



The value of log TV/B, after we correct for attachment and reduce
to M& =0, 1s -2.281. Tunis result is in reasonable agreement with
equations (21) and (23).

Criticisms on the present method have been made by Davis and
Hall (1963), wno remark that visual magnitude estimates are probably
a function of the apparent angular velocity of a meteor and therefore
are not reliable. The color index of about 300 Super-Schmidt meteors
did not, nhowever, show any dependence on velocity (Jacchia 1957).
The independence of color index on velocity has been confirmed by the
analysis of all Super-Schmidt meteors reduced by Jacchia (unpublished).
Therefore there is no detectable error resulting from angular velocity.
Davis and Hall also argue that the use of date concerning different
showers 1s not valid because of the possible differences in the composition
of meteors. Actually TV/B is proportionsl to the average atomic mass K
and therefore depends on the chemical composition of meteors. Although
differences in density and strength among meteors of different showers
have been found (Jacchia 1956, 1963; Verniani 196L4), an appreciable
change in K does not seem possible. 1In fact, differences in densities
among meteors of different showers can be explained, according to Whipple's
theory (1950, 1951) of the icy comet, by differences in the ages of the
Parent comets. Dense meteors originate from the inner core of old comets,
while meteors of normal density come from more external layers. The
composition may be the same, but the difference in pressure to which the
different parts of the comet were suercted is responsible for the dif-

ference in density.

MeKinley found B “'vs from the same data that lead us to conclude
B~v'. This difference can be ascribed to three causes: 1) McKinley
used the early results of Greenhow and Neufeld (1955) for the ambipolar
diffusion coefficient D,

N

log D =6.7 X10 " z - 5.6, (25)

«10=



instead of our eq. (12). 2) No correction was applied for reducing
Tv to a fixed magnitude. 3) The correlation between M, and log T

was assumed to be of the form

log T = const. - O.4 M, - (26)

Equation (26) would be true only if the meteor height did not depend
on the magnitude or on the electronic denslty q. It is easlly found,
as McKinley also points out, that the maximum duration Tm’ occurring
when the reflecting point coincides witnh the point of maximum electron
density, is related to Mv by

log T = const. - 0.533 M_ - (27)

A similar relation probebly also holds for log T. In this paper we
have directly substituted the observational values in eq. (13) and
thus avoided the problem of the slope of the curve log T vs. MV.

Let us now discuss the accuracy of the present method for deter-
mining BO. The echo is generally not obtained from the point of maxi-
mum light to which the magnitude refers. Thls can lead to an under-
estimate of the value of B of perhaps 50 percent. Therefore we will
find the value of Bo by another method. It 1s unlikely, however, that
it can affect the value of Tl. There are also some doubts on the reli-
ability of eq. (10), in which the duration TD is independent of the
transmitting power of the radar. McKinley's (1953a) observations using
two radars of different power show a dependence of duration on power.
This evidence is not conclusive, however, because one cannot exclude
the possibility that the low-power echoes come from underdense trails
while the high-power echoes certainly come from overdense trails.

The proportionality between TD and lg has also been questioned, and a
much more complicated relation has been proposed by McKinley (1953b).
The experimental results of Davils, Greenhow and Hall (1959a) show, how-
ever, that for the durations used 1n eq. (13) such proportionality is

st1ll valid.

~]]le=



We have chosen to use the observations of Davis and Hall (1963)
to determine the value of BO' These authors determined the ratio
Ip/q for T meteors observed simultaneously by radar and by cameras.
They found log Ip/q =-12.96 + 0.14 at v = 32.2 kms™T, By using this
value of Ip/q Vernian! (1964) nas deduced for B the following value:

B=0.010 at v =32.2 kms™L, . (28)

This seems a fairly reliable determination of B. It is 60 percent
greater than the value given by eq. (23). Therefore, if we take
into account that eq. (23) underestimates B » 1t 1s reasonable to adopt

B=1x1020 " (29)

with an uncertainty in the exponent of about * 0.3. The uncertainty
in the value of the constants is probably of the order of a factor of
2 essentially because of the present uncertainty in Tp'

According to eqs. (2) and (29) we also obtain

T, =6 10713 2, (30)

The determination of T from Whipple's method of comparing photographic
and radio rates

whipple (1955) showed that the following relation holds approxi-
mately

N
log T /T =const. + log — - log v , (31)
Q p Np

Nr and Np being the observed numbers of radio and photographic meteors

at velocity v. He compared the Harvard photographic small-camera meteors
with McKinley's radio meteors (1951b) and found B ~ . The average
visual magnitude of the small-camera meteors is about -2, while that

of McKinley's radio meteors can be estimated between +4 and +5.



This difference may be significant because of the systematic change

in the average velocity of meteors with the magnitude found by
Hawkins, Lindblad and Southworth (1963). At present McKinley's data
are still the best source for evaluating Nr for radio meteors, oecause
more recent radio data refer to meteors that are too faint to photo-
graph. The photographic Super-Schmidt meteors reduced by Hawkins and
Southworth (1958) are superior to the small-camera data because their
average visual magnitude is about +3, close to that of McKinley's radio
meteors. Moreover, they are a random sample. Following Whipple, we
corrected the velocity distribution of the photographic meteors for
seasonal variations (see Table 4); the curve of log Nr/Np versus log Vv

is given in Figure 2.

The least-squares solution for log Nr/Nf as a function of log v
is

=

log ﬁi =9.96 +2.17 log Vv . (32)
P

The standard deviation of the slope is about 0.6; thus we obtain
_ k2 +0.h
B~v

servational effects on velocity, which are different in radio and in

. Because of the uncertainties resulting from the ob-

photographic meteors, the error in the value of ¢ obtained with this

method may be larger than * O.4. Nevertheless the result is in reason-
able agreement with the value T = L4.0.

Conclusions

On the basis of the preceding discussion we can accept expression

(29) for B:

B=1x10"2° VLL , (29)
and for TV/B at Mv = 0 the equation:
12 -
UJMmmzlxm2V3- (33)

-13-



As a consequence, the relation (9) between the visual magnitude
Mv and the electronic density q turns out to be independent of velocity,
but the slope of the curve Mv vs. log q changes at Mv = -2 and at
Mv = +1.5, since eq. (15) 1s valid only between these two limits. TFor
-2 <M, <+l.5 eq. (9) becomes:

M, =29.6 - 1.8 log q (34)

Although Tv depends on Mv’ Tp does not, so it appears much more con-
venient to relate the number of electrons to the photographic magnitude.
The relation between Mp and IP in physical units has been established
(pavis and Hall 1963) as

M= 6.9 - 2.5 log I (35)

therefore,

M, = T1.20 - 2.5 log Tp/B - 7.5 log v - 2.5 log q. (36)

According to Verniani (1964), independently of magnitude,we have

T, =525 X 1070 ¥ , (37)

and by substituting eqs. (29) and (37) into eq. (36) we eventually get

Mp =39.40 - 2.5 log q . (38)

Equation (38) gives a relation between q and M wvalid for all velocities
and magnitudes. As expected, eq. (38) agrees with the results of the

measures of Davis and Hall, who found log q = 15.3 #+ 0.3 for Mp =+41.1 + 0.7.

wllie



Also, the discrepancy (Hawkins and Southworth 1963) between the
masses computed from photographic and radio data for a zero visual
magnitude meteor is removed. The relation between the maximum elec-

tronic line density qm and the initial mass m_ 1s glven by

_ 1 -
mm—EUHf

2 (1 + 2f)3 %? sec Zp (39)

(Weiss 1958, Verniani 1961), where f =1 + 3 (2+7) € v;z; €, the
ablation energy of the meteor¥; ZR’ the zenitn angle of the meteor
path; and H, the atmospheric scale height at the point of maximum ion-
izstion. A meteor having Mv = O has maximum ionization at about 90 km

(Millman and McKinley 1963); at such an altitude H is equal to 5.56 km

(U. S. Standard Atmosphere 1962). Therefore at v = 4O ims L and

cos Zp = 0.6, equ. (39), (34) and (29) give m_= 0.8 gram. The
same result was obtained from photographic data (Verniani 1964)

*
For a solid body, € = 1‘£there v = drag coefficient, £ = latent heat
of oblation for unit mass and A = heat-transfer coelficient. For

ordinary crumbling meteors € is only the coefficient of the mass equation:

_ 4av
V=g =2m %% (ko)

~15-
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Geminids

Perseids

l I I
4.5 46 4.7 4.8

log v(ms')

Figure 1,--The dependence of (log 'rV/B)M _o ©n the velocity, v 1s the
v

vlisual luminous efficiency and B, the ionizing probability.
The results have been reduced to visual magnitude zero.

The effect of attachment on the duration of echoes has been
taken into account. Data from Millman and McKinley (1956).
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log N, /Np

-1.0 —

l ! | l | \ l
4.2 4.4 4.6 4.8

log v(ms')

Figure 2.--Meteor frequency ratios plotted against velocities. Photo-
graphic data from Hawkins and Southworth (1958). Radio data
from McKinley (1951b).
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Table 1

The ionizing probability BFe for iron meteors according to Opilk
(1958); B is the ionizing probability for cometary meteors deduced
from Opik's BFe’ using Lazazgs' and Hawkins' (1963) assumption that
for each element B ~n K ¢ ~, wnere n_ = number of valence electrons

available for ionization; K = mean atomic mass; and € = ionization

energy.
-1
v(lkms ) BFe P
14.8 0.0025 0.00086
20.9 0.024 0.0083
29.6 0.071 0.024
41.8 0.134 0.046
59.2 0.207 0.071
83.6 0.297 0.102

The present results cannot be expressed in the form B = BO vn; as
a very rough approximation for comparison, however, one can assume

-1 -11 2
for velocities between 20 and 60 kms ~ the equation 8 =~ 2,10 v .

w2



Table 2

Summary of the previous estimates of the ionizing probability B.

Author Year B
Herlofson 1948 B = 0.01
McKinley 1951 B~ v6
Greenhow and Hawkins 1952 B =~0.2
Kalser 1953 B =0.1 +1; B “'vo 0.6
Evans and Hall 1955 B~0.1; B~v"2 03
Waipple 1955 B~ v’
Hawkins 1956 B '*'vs‘6
Opik 1958 B~2x10"t v2, see Table 1
Davis, Greenhow and Hall 1959 B~y F1
McKinley 1961 B~ v
Davis and Hall 1963 B =0.03 at v =32 kms™"
Lazarus end Hawkins 1963 B=1.3 X 10"19'v3'l+
Verniani 1964 =0.0L at v =32 kms
(This paper 1964 B=1X 10720 Vh'o)
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Table L

Meteor velocity distributions: radio meteors from McKinley (1951b)
and photographic meteors from Hawkins and Southworth (1958).

Velocity range log v N N

105 ms™t _— perzent perzent o Nr/Np
10-20 4.20 1.8 ok, 2 -1.13
20-30 L.4o 12.7 26.6 -0.32
30-40 4.53 27.9 16.8 0.22
L0-50 4 .64 19.8 9.6 0.31
50-60 L.7h 16.8 6.3 0.43
> 60 4.83 21.0 16.5 0.11

NASA -Langley, 1964 CR—5700)_|_ -23-






